Abstract. We report a new type of illusory contour (Illusory-O) whose formation is contingent upon the contrast polarity of its juxtaposed inducing elements being similar, ie both elements must either be positive or negative in contrast sign. To test the hypothesis that this contingency is primarily dictated by factors that determine amodal surface completion (occlusion) between the inducing elements we conducted a series of experiments employing known spatial properties of the amodal completion mechanism, to show that spatial conditions unfavorable to occlusion lead to a concurrent weakening of the Illusory-O formation. For instance, we found that when the juxtaposed inducing elements (solid rectangles) were spatially misaligned, or when their spatial separation increased, our observers rated the perception of the Illusory-O as reduced. We also showed that, in addition to using solid-form inducing elements, the Illusory-O can be induced by line terminals, as long as these lines respect the requirements of the amodal completion mechanism such as similar contrast polarity and spatial alignment. Then we demonstrated that the role of the amodal completion mechanism is not limited to our particular arrangement of inducing elements by showing that the formation of the illusory Necker cube also relies on similar contrast polarity. Finally, to explain why some illusory contours like the Illusory-O are dependent on contrast polarity while others (eg Kanizsa square) are not, we propose that the key rests upon the visual system's presumption of occlusion. That is, in forming the illusory contour, if the visual system infers that it is a byproduct of the inducing elements being occluded, then having inducing elements of similar contrast polarity becomes a prerequisite. This assumption can be traced to the occurrence in the real world where partially occluded objects usually have visible parts (on both ends) with similar contrast polarity. Along this line of thinking, we suggest a plausible neural circuitry that may be implemented to form both contrast polarity sensitive and insensitive types of illusory contours.
Introduction
We are constantly reminded by various perceptual phenomena that our perception does not necessarily portray the frank optical images that impinge our retinas (Gregory 1970) . One intriguing example is the perception of illusory contours. Figure 1 illustrates the well known Kanizsa illusory square whose physical stimulus consists of four independent black pacmen. Despite the simplicity of such a display, these pacmen alone are less frequently seen by the observer, who instead perceives an apparent white square in front of four occluded black disks. That a white nonexistent square is strongly seen suggests to us that the brain has the capacity to create a perceptual representation that is unlike the retinal image it receives. Thus, studying how illusory contours are formed ^^^^ Figure 1 . The Kanizsa square display. Although the display consists of four VH^H pacmen (inducers), the perception is that of a white illusory square surface ^^^^ occluding four black disks.
i is one way to unravel the putative perceptual inferring mechanism beyond the passive representation level that can so forcefully mold our perception. A key approach to understanding the formation of illusory contours is to investigate the image properties of the stimulus display that induce the perception of illusory contours (Petry and Meyer 1987; Spillmann and Dresp 1995) . In fact, a primary research focus was to explore how luminance contrast with respect to the background, which is one of the most fundamental image properties represented by the early visual processor, influences illusory-contour formation. For example, Cavanagh (1985 Cavanagh ( , 1987 demonstrated that when the inducing stimuli, eg the pacmen in figure 1 are of equal luminance with respect to the background, the illusory contour perception is weakened. This suggests that the luminance system rather than the color system is mainly responsible for the formation of illusory contours (Cavanagh 1987; Livingstone and Hubel 1987) .
In the past, it has also been proposed that simultaneous brightness contrast plays a prominent role in illusory-contour formation (Brigner and Gallagher 1974; Frisby and Clatworthy 1975; Jory and Day 1979) . The simultaneous-brightness-contrast hypothesis assumes that the perception of illusory contours or figures is due to local brightness contrast or brightness spreading from the inducing stimuli. Thus, the illusory square in figure 1 looks brighter than the remaining white region in the entire display. The increased brightness impression of the illusory contours is also supported by measurements of local luminance increment thresholds around the illusory contours (Banton and Levi 1992; Dresp and Bonnet 1991; Jory 1987) . There are, however, some observations indicating that brightness spreading from the inducing elements may not be solely responsible for producing illusory contours (Kanizsa 1976; Kellman and Cohen 1984; Kellman and Loukides 1987; Parks 1980) . For example, it has been found that under certain stimulation conditions observers can see the illusory figure while failing to see the brightness difference around the illusory contours (Kellman and Cohen 1984; Kellman and Loukides 1987 ). An additional evidence came from the observations that illusory contours can be induced by stimuli of different contrast polarity with respect to the background (Prazdny 1983; Gordon 1983, 1985) . Figure 2 demonstrates two such examples. In the left display (figure 2a), the adjacent pacmen are black and white, ie they have opposite contrast sign with respect to the background. Yet, they can still induce the perception of an illusory square. Similarly, in figure 2b, the alternating black and white rectangular spokes still give rise to an impression of an illusory disk-shaped contour. Clearly, the brightness-spreading hypothesis cannot account for these observations, for according to the hypothesis, the spreading of 'darkness' and Figure 2 . Illusory contours induced by stimuli of opposite contrast polarity (Prazdny 1983; Gordon 1983, 1985) . (a) The Kanizsa square is still perceptible when neighboring pacmen have opposite contrast polarity, (b) An illusory disk is induced by the radially arranged black and white spokes of opposite contrast polarity.
'brightness' from the respective neighboring white and black edges of the inducing stimuli would cancel out and consequently prevent the visual system from forming a unique 'brighter' or 'darker' illusory figure. Perhaps, as has been pointed out, the demonstrations in figure 2 suggest that a mechanism which is insensitive to luminance contrast polarity of the inducing elements, but relies on the form/boundary of the display, is responsible for the formation of illusory contours (Grossberg and Mingolla 1985; Kellman and Shipley 1991; Shapley and Gordon 1987) .
Alternatively, a comparative analysis of the perception of the illusory contours in figures 1 and 2 reveals another possible explanation for the formation of the illusory contours in figure 2 where neighboring inducing elements have opposite luminance contrast polarity with respect to the background. (Note: in the interest of brevity, we will refer to 'luminance contrast polarity with respect to the background' simply as 'contrast polarity' from now onwards.) For illustrative purposes, let us take the Kanizsa square as an example (figure 3 a). Note that there are actually two components to the perception of the Kanizsa displays in figures 1 and 2a; these are an illusory opaque square surface and four occluded disks (pacmen). Furthermore the entire perception is due to modal surface completion in front, and an amodal surface completion of the individual pacman into disk in back. The formation of an opaque square illusory contour due to modal completion is possible in figure 2a , despite the opposite contrast polarity of its inducers, because its formation does not violate any real world constraint. Namely, occluding surfaces can exist independently of the contrast of the occluded objects. Amodal surface completion of each pacman into disk is also possible since the completion does not need to occur between two neighboring disks of different contrast sign. The same analysis can be applied to figure 2b.
The importance of considering the formation of illusory contours in terms of both modal and amodal surface completion processes has been suggested by previous workers, particularly by Kanizsa (1955) and Kellman and Shipley (1991) . Following this analysis,
Stimuli
Surface completion The role of the modal and amodal completion processes in Illusory-O formation. Because amodal completion occurs between two juxtaposed inducing elements, ie the inner and outer spokes in the same radial direction, the contrast polarity of these elements must be similar.
the question arises as to what will happen to a display when the inducing elements of the display are forced to form amodally completed surfaces between each other, instead of within itself. In other words, will the relationship between the image properties of neighboring inducing elements which affects the amodal completion process play a role in the illusory-contour perception? From the foregoing discussion, it is likely that the contrast polarity between the neighboring inducing elements would become an important factor. Specifically, neighboring elements having opposite contrast polarity may not readily complete as an amodal surface. This may be tied to the fact that the inferring visual mechanism does not normally experience situations in the real world where an occluded surface changes its luminance contrast polarity from one side of the occluder to the other side of the occluder. Furthermore, the probability of confronting a reverse contrast polarity occluder is particularly low when the occluding gap is very narrow. This line of thinking is based on the premise that the mechanism responsible for the formation of the illusory surface capitalizes on the type of unconscious inference mechanism which relies on past experiences (Albert and Hoffman 1995; Helmholtz 1867 Helmholtz /1962 Nakayama and Shimojo 1992) . Here we first describe cases which demonstrate luminance contrast polarity as a critical factor in determining the formation of illusory contours. Then we further show that, contrast polarity being equal, other factors such as edge misalignment and increased spatial proximity which can disrupt the amodal completion process can also affect the formation of illusory contours. Part of this work has been presented at the Annual Meeting of the Association for Research in Vision and Ophthalmology (He and Ooi 1996) .
2 Experiment 1. The effect of contrast polarity on illusory-contour formation revealed by Illusory-O The radial pattern in figure 4a consists of black rectangular spokes. In each radial direction, there is a spatial separation (gap) between the inner and outer spokes. Together, these gaps, spanning 360°, give rise to an impression of an illusory ring (Illusory-O) when one fixates at the center of the display. The Illusory-O can also be seen in figure 4c where the neighboring spokes that point to different radial directions have opposite contrast sign (black and white alternation). So far, these observations are consistent with previous findings regarding the effects of contrast polarity on illusory-contour formation. However, by simply reversing the luminance contrast between the inner and outer spokes that point in the same radial direction in figures 4d and 4e, the saliency of the Illusory-O is substantially reduced or even eliminated. This surprising observation warrants that the impact of luminance contrast polarity on illusory-contour formation be further examined.
Apparatus and stimuli
The basic aspects of the stimuli as exemplified by those in figure 4 were presented on a 17 inch Macintosh computer monitor (832 x 624 pixels) viewed from a distance of 40 cm. Except for figure 4b, the size of each filled rectangular spoke (inducing element) in the display was 0.94 deg x 1.5 deg and the gap size between the inner and outer spokes was 0.4 deg. For figure 4b with the wire-frame display, the line thickness of the inducer was 2.7 min arc. The displays were viewed upon a gray background of 19.8 cd m~2. The luminance of the white inducing spokes was 45.4 cd m" 2 and that of the black inducers was 0.05 cd m" 2 .
2.2 The method of perceptual rating 2.2.1 Rating the overall strength of the Illusory-O. We employed a perceptual rating method similar to the one used by Shipley and Kellman (1992) . Before the test session, each observer was instructed in the following manner: Since this perceived square does not physically exist in your retinal image, it has to be created by your brain. Thus most researchers call this an illusory contour. In our current experiments, you will be asked to give a rating score for a series of stimuli according to the strength of the perceived illusory contours. Now, let me show you some practice samples to familiarize you with this rating procedure. In the display on the top right of figure 5, you can see four wire-frame pacmen. If you compare this display with the one on the left (Kanizsa square), you will note that the illusory contour is barely seen in this right figure. Do you agree? [All observers agreed.] Now, to proceed with the rating method, let us rate the strength of the illusory contour in the left figure as '10' and that in the right figure as '0'. So if we adopt these two figures as our standard display with the highest possible score being '10' and lowest score being '0', then we can use this display as the standard comparison against all other test displays. For example, you can look at the test displays at the bottom of figure 5 and rate the strength of the illusory contour you perceive in each, using a rating scale of 0 to 10, as established by the standard display."
All observers then practiced the rating task on the displays shown in the bottom of figure 5. They all understood the task, as evidenced from their rating scores which decreased with increased misalignment between the upper and lower pairs of pacmen. This tendency is consistent with the original observations by Shipley and Kellman (1992) . Next, we showed the observers the standard stimuli to be used in experiment 1 (figures 4a and 4b). The observers were instructed to always fixate at the center of each radial pattern display and to report the strength of the illusory contour perceived. All the observers reported perceiving an illusory ring in figure 4a with the filled spokes. But they either saw a very weak or no illusory ring in the wire-frame stimulus in figure 4b . Then the observers were asked to set a rating score of '10' for the illusory ring seen in figure 4a and '0' for their perception in figure 4b , and use this standard to rate the illusory contour strengths of the stimuli in figures 4c, 4d, and 4e. During the experiment, the three test stimuli (figures 4c, 4d, 4e) and the standard display (figures 4a and 4b) were simultaneously presented on the computer monitor. The observer rated the strength of the illusory ring perceived in each test stimulus. And, importantly, to establish a stable rating criterion, the observers were explicitly informed that a salient perception of the illusory ring should include seeing both the inner and outer illusory edges (circles), and in the case of seeing just one illusory edge alone, the display should be given a zero score. During a test session, six experiments were conducted, each in a block. Within a block, each stimulus was rated once. The entire session was repeated a second time, so that each stimulus has two rating scores. These scores were then averaged and taken as the final results.
Rating the inner and outer illusory edges of the Illusory-O.
This task was similar to the first, except that the observers were now required to rate the saliency of the two illusory edges of the Illusory-O (ie the inner and outer circles that make up the Illusory-O).
During the experiments the observers viewed the standard displays (figures 4a and 4b).
A maximum rating score of '10' was assigned to both the inner and outer illusory edges in figure 4a , and '0' to the ones in figure 4b. These two standard displays were used as comparisons for the test stimuli (figures 4c and 4e). The observers rated each test stimulus twice and their average ratings were taken as the final results.
Observers
Ten graduate and undergraduate students from the University of Louisville, and optometry students from the Southern College of Optometry who were naive to the purpose of the experiments participated as observers in the first rating tasks. Further six of them plus two additional naive observers participated in the second rating task. All observers reported to have normal, or corrected-to-normal vision.
Results and discussion
The mean rating scores for the stimuli in figures 4c, 4d, and 4e of the ten naive observers who participated in experiment 1 are shown in figure 6 . The perception of the Illusory-O was much weaker in figures 4d and 4e, where the inner and outer spokes pointing in the same radial direction have opposite contrast polarity (one-way within-subjects ANOVA, ^2,i8 -45.147, p < 0.001). Furthermore, paired-samples t tests controlling for familywise error rate with the use of Holm's sequential Bonferroni approach, show that the rating for the display in figure 4c is significantly higher than that for the displays in figures 4d (t 9 = 9.93, p < 0.0001) and 4e (t 9 = 7.65, p < 0.0001). We next asked whether the elimination of the Illusory-O by the juxtaposed black and white spokes in figures 4d and 4e is due to the luminance difference between the inner and outer spokes, or due to their opposite contrast sign. Accordingly, in figure 7, we keep the luminances of the spokes the same while we vary the background luminance level. In figure 7a (upper and lower displays), the spokes are seen against a white background. Note that, although the spokes have different luminances, their contrast signs are the same (negative, ie they are darker than the background) and the Illusory-O is easily perceived. However, the Illusory-O disappears in figure 7b (lower display) when the background luminance level is set between the two luminance levels of the spokes so that the bright and dark spokes along the same radial direction have opposite contrast sign. In figure 7c (upper and lower displays), the spokes are seen against a black background, and their contrast signs are all positive. Here, the Illusory-O can be seen vividly. Clearly, the demonstrations in figure 7 indicate that the disruption of the Illusory-O in figures 4d and 4e is due to the opposite contrast polarity between the inner and outer spokes rather than their luminance difference. Otherwise, no Illusory-O should be seen in any of the three conditions in figure 7 .
In addition, the observations in figure 7 also provide a proof against the perceptualpattern explanation for the disappearance of the Illusory-O in figures 4d and 4e. For instance, the perceptual pattern explanation could imply that the disappearance of Illusory-O in figure 4d might be related to the specific spatial pattern of the display (which differs from figure 4c). But evidently, this explanation fails to account for the perceptual differences in figure 7 where all three displays have the same spatial patterns.
To this end, one may wonder why we are able to see the Kanizsa illusory square and illusory disk in figure 2, but not the Illusory-O in figures 4d and 4e, although all the displays consist of elements having opposite contrast signs. One possibility, which we have mentioned briefly at the end of the Introduction (figure 3) is related to the critical difference between these two types of illusory figures. In figure 2, when one sees the illusory contours (and surfaces), one also perceives the inducers (pacmen and spokes) Figure 7 . Opposite luminance contrast polarity, not luminance difference disrupts the Illusory-O formation. Note that in all three panels, the spokes along the same radial direction have the same luminance intensity for the displays in the upper row, but different luminance intensity for the displays in the lower row. These displays are placed upon backgrounds of different luminance intensities, thus affecting the local luminance contrast of each display. The Illusory-O can be perceived in all displays, except the lower one in panel b, whose background intensity level is intermediate between the luminances of the inner and outer spokes along the same radial direction. This causes the spokes to have opposite control polarity. The effect of background intensity level on all other displays in this figure is to make the inner and outer radial spokes either all positive or all negative in contrast polarity, which preserves the perception of the Illusory-O.
as occluded surfaces behind the illusory figure. Notice that in figure 2a the amodal surface is formed between the two edges of an individual pacman, and not between two neighboring pacmen. Similarly, the amodal completion is not formed between the two neighboring spokes in figure 2b. However, for the Illusory-O in figures 4a and 4c, the amodal surface completion is formed between the inner and outer spokes in the same radial direction, which causes them to be perceived as single occluded spokes in back. For illustrative purposes, this situation has been exaggerated in figure 3b . Notably, the opposite contrast polarity between the inner and outer spokes in the same radial direction acts to weaken or eliminate the formation of amodal completion between them, thus preventing the formation of the illusory contour.
Finally, it is interesting to note that even though the Illusory-O is hardly perceivable in figures 4d and 4e, each stimulus is not exactly devoid of any illusory perception. The reader will observe that there is yet another noticeable illusory contour (an outer circular line defining a circle) which is formed at the inner terminals of the outer spokes. Thus it is as though when the stimulus fails to induce the contrast-polaritysensitive Illusory-O perception, which is a ring defined by an outer and inner circle, it induces yet another form of illusory contour perception (just an outer circle) which is contrast polarity insensitive. To quantify this, we asked eight naive observers to rate the strengths of the inner and outer illusory edges of the stimuli in figure 4c (same contrast sign which produces a strong Illusory-O perception) and figure 4e (opposite contrast sign which produces a weak Illusory-O perception). Indeed, as observed, the average ratings of the outer and inner illusory edges in figure 4c are 8.50 ±0.76 and 8.25 ± 0.77, respectively (t 7 = 0.6831, p > 0.05). On the other hand, figure 4e gives an average rating of 6.38 ± 1.13 for its outer edge, which is significantly stronger than that for its inner edge (3.75 ± 0.98; t 7 = 4.0202, p < 0.001). How does one account for this conundrum?
It is possible that the observation can be explained by the operations of two different mechanisms on the stimulus. One mechanism is contrast polarity insensitive while the other is contrast polarity sensitive. When the inducing stimulus does not have similar contrast polarity, the contrast-polarity-insensitive mechanism operates by capitalizing on the abrupt luminance change between the radial spokes (surface discontinuation) to produce the illusory perception of the outer circle in figures 4d and 4e (and the illusory disk in figure 2b ). The ability of this mechanism to produce the illusory contour is also dictated by the global configuration of the inducing elements. Take for instance figure 8a which produces a strong impression of an illusory disk at the inner terminals of its spokes. Then observe figures 8b and 8c, which only produce weak surrounding illusory contours at the outer terminals of their spokes. Note that this contrasting strength in illusory contour perception occurs, despite the fact that the inner terminals of the spokes in figure 8a and the outer terminals of the spokes in figures 8b and 8c have the same local contrast polarity information. We believe this difference in illusory contour perception between the inner and outer terminals of the spokes may be related to the Gestalt factors, 'closure' and 'curvature sign', which determine figure and ground segregation (Gillam 1987; Kanizsa 1979) ; in figure 8a they result in the spokes being seen as the background and the illusory disk being seen as the figure in front. Similarly, these two factors contribute to the strong perception of an illusory outer circle each in figures 4d and 4e. The second mechanism which is sensitive to contrast polarity produces the Illusory-O perception. Possibly this mechanism is related to the operations of the amodal and modal completion processes, as outlined in figure 3 above. When conditions permit, like those pertaining to the stimuli having similar contrast polarity (figures 4a and 4c), this mechanism predominates over the contrast-polarity-insensitive mechanism to produce the perception of the Illusory-O.
Experiment 2. The effect of edge alignment on Illusory-O
In experiment 1, we postulated that the destruction of the Illusory-O perception when its inducing stimulus has opposite contrast polarity is due to the low probability of having an occluded object changing its contrast polarity from one visible end to the other end in the natural world. If this is correct, we will expect that other factors that affect amodal completion (occlusion) between the inner and outer spokes should also affect the perception of the Illusory-O. In the current experiment, we test the impact of the edge alignment between the inner and outer spokes on the perception of the Illusory-O (figure 9).
In the displays drawn in figure 9 , the inner spokes have been successively rotated clockwise to create edge misalignment between the inner and outer spokes. Clearly, with increased rotation the spatial alignment between the inner and outer spokes is increasingly destroyed, such that the perception of the Illusory-O in figure 9 is successively weakened going from display a to display d. To confirm this phenomenological observation, we asked our naive observers to rate these displays.
radial spokes of each display is increased.
Stimuli
The stimuli used to test the observers were printed on a white paper with the aid of an Apple LaserWriter (600 dpi). This was done instead of displaying the figures on the computer monitor, because the spatial resolution of the monitor was not sufficiently high to produce fine edges for lines that are rotated more than 5° from the vertical. Otherwise, the stimulus dimensions were kept the same as those in experiment 1. The viewing distance was 40 cm.
Procedure
The two types of rating tasks described in experiment 1 were used.
Observers
Six observers from experiment 1 performed in the first rating task for the overall strength of the Illusory-O. These observers plus two additional naive observers with normal vision also participated in the second rating task. Figure 10a shows the average rating of the overall strength of the Illusory-O by the six naive observers. The perception of the Illusory-O is significantly reduced with increasing edge misalignment between the inner and outer spokes (one-way withinsubjects ANOVA, F 3?15 = 29.154, p < 0.001). A similar trend is shown in the mean rating of the strength of the inner and outer edges of the illusory contours defining the Illusory-O (figure 10b). A two-way within-subjects ANOVA reveals a significant main effect for edge misalignment (F 3 2 i = 9.307, p < 0.001). Interestingly, for each display, the perceived strength of the inner illusory contour (smaller circle) was weaker than that of the outer illusory contour (bigger circle). This is supported by a two-way within subjects ANOVA which shows a significant main effect for the inner/outer contours CF 1;7 = 3.286, p < 0.05). Furthermore, a significant interaction effect between edge misalignment and inner/outer contours (F 3?21 = 3.286, p < 0.05) suggests that the strength of the inner illusory contour decreases more rapidly with increasing edge misalignment than that of the outer illusory contour (figure 10b).
Results

Experiment 3. The effect of line alignment on Illusory-O
Our findings that edge misalignment reduces Illusory-O perception appears to be inconsistent with an earlier observation by Gillam (1987) . She noticed that the illusory contour perception was weaker when the inducing lines were arranged in a collinear manner than when they were arranged irregularly (her figures 30.6 and 30.8). We wondered if this discrepancy is caused by the different attribute of the inducing elements used (rectangular spokes in our experiments versus lines in Gillam's experiments). Perhaps like Gillam's findings, had lines been used to induce the Illusory-O, the strength of the perception would have been differently affected. To examine this in the present experiment, we replaced the rectangular inducing spokes of the Illusory-O with lines, as shown in figure 11 . Then we test the effect of collinearity (alignment) on the Illusory-O perception by manipulating the alignment between the outer and inner inducing lines, by having them aligned (figures 11a and lie) and misaligned (figures lib and lid). As before, our naive observers rated their Illusory-O perception.
Stimuli
The test stimuli in figure 11 were displayed on a 17 inch Macintosh computer monitor (832 x 624 pixels). The dimensions of the stimuli were the same as those in figure 
Procedures
Both types of rating tasks, one rating the overall strength of the Illusory-O and the other rating the relative saliency of the outer and inner edges (circles) of the Illusory-O, as described in experiments 1 and 2 above were used.
Observers
The same ten naive observers from experiment 1 performed the rating task for the overall strength of the Illusory-O. The eight observers who participated in the second rating task in experiment 2 also participated in the rating task for the outer and inner edges of the Illusory-O in the current experiment.
Results and discussion
The results with the line pattern inducers (figure 12) show a similar trend as in our earlier experiments that employed rectangular inducing elements. For the overall strength of the Illusory-O (figure 12a), a one-way within-subjects ANOVA revealed that the main effect of line alignment is significant CF 3?2 7 = 91.040, p < 0.001). samples t tests controlling for familywise error rate by Holm's sequential Bonferroni approach indicate that the rating for figure 11a is significantly higher than that for figure lib (t 9 = 7.321, p < 0.0001), and the rating for figure lie is significantly higher than that for figure lid (t 9 = 5.666, p < 0.0005). Thus, we conclude that the overall rating of the Illusory-O perception in the aligned stimuli (figures 11a and lie) is significantly higher than that in the misaligned stimuli (figures lib and lid).
A similar trend is also seen in the inner/outer illusory contour rating scores (figure 12b) as a two-way within-subjects ANOVA reveals a significant main effect for line alignment (i^? 2 i = 6.189,/? < 0.005). Furthermore, paired-samples t tests controlling for familywise error rate by Holm's sequential Bonferroni approach show that the rating for figure 11a is significantly higher than that for figure lib (t l5 = 3.262, p < 0.0001) and figure lid (t l5 = 2.9562, p < 0.01), while the rating for figure lie is significantly higher than that for figure lib (t l5 = 3.264, p < 0.001) and figure lid (/ 15 = 2.9277, p < 0.01). Finally, a two-way within-subjects ANOVA reveals a reliable main effect for the inner/ outer contours (i<j j7 = 8.720, p < 0.025), indicating a stronger outer illusory edge perception.
Overall, these results indicate that alignment or collinearity is an important factor in the formation of Illusory-O by line elements. We believe that the mechanism responsible for the Illusory-O perception with filled rectangular inducing elements is not different from that responsible for the Illusory-O perception with line inducing elements.
Thus we are still left with a discrepancy between our findings and Gillam's. But having re-examined her demonstrations, we noted that, as a result of being noncollinear, the line terminals of her stimulus were irregularly spaced (her figures 30.6 and 30.8). Consequently, we speculate that in her stimulus with irregular line terminals, those terminals which were more densely packed tend to produce a stronger illusory contour perception than those that were sparsely packed. Perhaps the strong illusory perception induced by the denser line terminals was potent enough to offset the weak illusory impression felt at the sparsely packed terminals. No doubt, further experiments are needed to support this supposition.
Experiment 4. The effect of contrast polarity on Illusory-O induced by line terminals
To further investigate the mechanism underlying the Illusory-O we decided to explore if Illusory-O induced by line terminals is also sensitive to contrast polarity. As shown in figure 13 the inner and outer lines pointing in the same radial direction have similar contrast polarity in figures 13a and 13b, and opposite contrast polarity in figures 13c and 13d. If you examine these stimuli you will most likely find that the Illusory-O is strongly seen in figures 13a and 13b, and weakly seen in figures 13c and 13d. The experiments below were conducted to quantify this phenomenological observation.
Stimuli
The test stimuli (figure 13) were displayed on a 17 inch Macintosh computer monitor (832 x 624 pixels). These stimuli were generated by modifying the rectangular solid stimuli of figure 4 into line stimuli with 2.7 min arc widths. The standard displays in figures 4a and 4b were used.
Procedure
The two types of rating tasks explained in the earlier experiments were employed in the current experiment.
Observers
The observers who participated in experiment 3 also performed the rating tasks in the current experiment. 
Results and discussion
Confirming the qualitative observations, our observers rated a stronger perception of Illusory-O when the inner and outer lines of the inducing stimuli have the same contrast polarity (figure 14a, a and b) than when they have opposite contrast polarity (figure 14a, c and d). This is confirmed by a one-way within-subjects ANOVA (^3,27 = 53.786, p < 0.001) and paired-samples t tests (p < 0.05). A similar trend is seen in figure 14b which plots the rating scores for the inner and outer illusory edges of the Illusory-O. A two-way within-subjects ANOVA reveals a significant main effect of luminance contrast sign (i^j 2 i = 10.01, p < 0.001). Paired-samples t tests show that the mean rating for figure 13a is significantly higher than those for figure 13c (p < 0.0005) and figure 13d (p < 0.001), while the mean rating for figure 13b is significantly higher than those for figure 13c (p < 0.00001) and figure 13d (p < 0.00025). And similar to the Illusory-O induced by the rectangular spokes, the mean rating for the outer edges (circles) is higher than that for the inner edges (circles), as confirmed by a two-way outer m Figure 14 . (a) The mean rating scores often naive observers for the overall strength of the Illusory-O obtained with the displays in figure 13. (b) The mean rating scores of eight naive observers for the strengths of the outer illusory edge (filled bars) and the inner illusory edge (hatched bars) of the Illusory-O obtained with the displays in figure 13 . The labels a, b, c, and d on the x-axes of both graphs correspond to the displays in figure 13 .
within-subjects ANOVA (F lf7 = 5.449, p = 0.052). These results suggest that similar to the rectangular inducing stimuli, the line stimuli used to induce the Illusory-O are also sensitive to contrast polarity.
Thus far, our finding that the Illusory-O perception is best appreciated with inducing stimuli having similar contrast polarity seems at odds with the findings by some others (eg Dresp et al 1996; Zucker and Davis 1988) that illusory contour perception is enhanced when the contrast polarity of the inducing stimulus is opposite. For instance, it has been reported that illusory surface perception induced by abutting lines (grating) is stronger when the alternating lines have opposite contrast sign than when they have similar contrast sign (Dresp et al 1996) . To investigate this report, we have replicated the stimulus situation using radial patterns ( figure 15 ). And indeed, as claimed by those reports, figure 15b whose stimulus has opposite contrast polarity with black and white alternating lines produces the strongest illusory contour perception. So how do we explain this paradox, where on the one hand illusory contour perception is enhanced by similar contrast polarity (Illusory-O, figures 4 and 13), while on the other hand it is enhanced by opposite contrast polarity (the illusory contour induced by abutting lines, figure 15)? Figure 15 . The effect of contrast polarity on illusory contours formed by abutting lines (grating), modified from Dresp et al (1997) . The illusory contour in display b where alternating inner and outer lines have opposite contrast polarity is perceived as stronger than those in displays a and c with lines of similar contrast polarity.
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Perhaps this paradox can be reconciled by considering the real-world constraints governing the formation of illusory contours, and the possible reasons for their formation. Arguably, the Illusory-O is primarily created because the visual system tries to form a meaningful relationship (amodal completion) between the inner and outer spokes or lines of the stimulus (when the contrast polarity is similar; see figure 3b ). On the other hand, the illusory contours induced by abutting lines (grating) might be formed to segregate two surfaces or texture regions (the grouped lines are taken as surfaces) that appear quite different. Thus it follows that when the distinctiveness of the two texture regions is increased by special means, the illusory contour perception is increased. For instance, when a large phase shift is created between the inducing lines (gratings; figures 15a and 15c), the two sets of lines affected by such manipulation will have a lower probability of being a continuous set of lines, resulting in an illusion of surface separation. This perception is accentuated when the two sets of lines that are phase-shifted also have opposite contrast polarity (figure 15b). Consequently, if one considers the formation of illusory contours in terms of their ecological relevance, the apparent paradox regarding the inconsistent contribution of contrast polarity to illusorycontour formation can be resolved. In fact, the different impact of contrast polarity on the Illusory-O and the illusory contours induced by the abutting lines above might be traced to a common ecological constraint, which assumes that a single line or object is less likely to have two segments with opposite contrast polarity.
Experiment 5. The effect of the length of the inducing element (spoke) on Illusory-O
To further test the assumption that amodal completion is the primary mechanism in the perception of the Illusory-O, the current experiment is designed to determine the likelihood of perceiving the Illusory-O as a function of the length of the inner and outer spokes of the stimulus. This experiment is based on the hypothesis that amodal completion is less likely to occur between spokes of short lengths. If this hypothesis is correct, we would expect short inducing spokes to evoke only a weak perception of the Illusory-O. Indeed the reader can verify this by viewing the stimuli in figure 16 , where the Illusory-O is barely perceived in display b. Of interest, we have included display c as a comparison to display a to show that the total spoke length being equal, when the spokes in c comprise of smaller segments, the likelihood of amodal completion is also reduced (Purghe and Katsaras 1991) . 
Stimuli
The test stimuli were similar to those illustrated in figure 16 and were displayed on a 17 inch Macintosh computer monitor (832 x 624 pixels). Figure 16a was taken from figure 4c of experiment 1. The length of the short spokes in figure 16b was 0.4 deg, both for the inner and outer spokes. A gray background of 19.8 cd m -2 was used. The luminances of the white and black spokes were 45.4 cd m~2 and 0.1 cd m -2 , respectively. The standard displays used for the rating task were the same ones as in experiment 1 (figures 4a and 4b).
Procedure
The observers were asked to judge the overall strength of the Illusory-O in a rating task similar to the one in experiment 1.
Observers
The ten naive observers who participated in experiment 1 performed the rating task in the current experiment.
Results
The mean rating scores are shown in figure 17 where the Illusory-O perception was rated strongest for the display in figure 16a . Indeed, there is a reliable main effect of spoke length as shown by a one-way within-subjects ANOVA (i^j l8 = 55.465, p < 0.001). Further, paired-samples t tests controlling for familywise error rate by Holm's sequential Bonferroni approach show that the rating for figure 16a is significantly higher than those for figure 16b (t 9 = 13.9387, p < 0.00001) and figure 16c (t 9 = 6.2618, p < 0.00025). And, as we predicted, the mean rating for the short-spoke display in figure 16b is not significantly different from that for figure 16c (t 9 = 1.62179, p = 0.139297). "^^i^ ' i * Figure 18 . The impact of spatial proximity (the gap separation between the inner and outer spokes) on Illusory-O formation. As the gap size increases, the perception of the Illusory-O weakens.
Stimuli
We presented the test stimuli on a 17 inch Macintosh computer monitor (832 x 624 pixels). The size and arrangement of the spokes of the stimuli (figure 18) were the same as those used in experiment 1 except that the outer spokes were now gradually shifted outward for each stimulus to create wider spatial separations (gaps). The spokes were black (0.1 cd m~2) against a white background of 45.4 cd m" 2 . The stimuli used for the standard displays were similar to those shown in figures 4a and 4b, but were placed upon a white background.
Procedure
As in the earlier experiments above, the observers rated the overall strength of the Illusory-O of the stimuli in figure 18.
Observers
The ten naive observers who participated in experiment 1 performed the rating task in the current experiment. Figure 19 depicts the mean rating scores of the ten naive observers. Consistent with our prediction, the perceived strength of the Illusory-0 weakens with increased spatial separation (gap size), as confirmed by a one-way within-subjects ANOVA CF 5?45 = 10.198, /7 < 0.001). However, we should point out that the data in figure 19 show a larger standard error compared to our other data from the experiments above. We attribute this to individual differences, as two of our ten observers did not indicate decreasing Illusory-O perception with increasing spatial separation.
Results and discussion
A number of observations have revealed that spatial relationships between the inducing elements, such as edge alignment and spatial separation, play a critical role in perceptual surface completion or interpolation (eg Kanizsa 1979; Kellman and Shipley 1991; Nakayama and Shimojo 1990; Shipley and Kellman 1992) . It is worth noting that while both the formation of Illusory-O and Kanizsa square are similarly impaired by edge misalignment and increased distance between the inducing elements, their impairment is due to the direct effect of the spatial factors on different surface completion processes. Specifically, the elimination of the Illusory-0 is caused by the failure of the amodal completion process to complete between the inner and outer spokes in the same radial direction as their edge misalignment or gap distance increased. And as explained earlier in figure 3b, without amodal completion the modal Illusory-O cannot be obtained. On the other hand, the elimination of the Kanizsa square due to misalignment or large spatial separation between the pacmen is caused by the primary effect of edge misalignment or separation on the modal completion of the illusory square. Thus our observations reinforce the notion that the perception of illusory contours involves both modal and amodal surface completion processes (Kanizsa 1955; Kellman and Shipley 1991) . Additionally, the Illusory-0 perception underscores the critical role of the amodal completion process in illusory-contour formation.
0.6 0.9 Gap size/deg Figure 19 . The mean rating scores of ten naive observers for the strength of the Illusory-O using the displays in figure 18 .
General discussion
Our observations show that the luminance contrast polarity of inducing elements can be an important factor in producing illusory contours. In particular, when the formation of an illusory figure requires that amodal completion (occlusion) occurs between two juxtaposed inducing elements, the luminance contrast polarity of the inducing elements has to be the same. Otherwise, no occlusion between the two inducing elements will occur and no illusory figure will be perceived.
A pressing concern is whether our conclusion can be generalized, since we have restricted our observations to radially organized inducing elements. To investigate this we have manipulated, below, the contrast polarity of the inducing elements that produce the illusory Necker cube (Bradley and Petry 1977) .
Figures 20a and 20b are typical demonstrations of the illusory Necker cubes. Notice that when the illusory Necker cube is perceived, each fragment group is seen as an occluded disk in back. The illusory Necker cube is also perceived when some neighboring occluded disks have different contrast polarity (figure 20c). However, when the fragments within each disk have opposite contrast polarity, the perception of the illusory cube is very much weakened (figure 20e). Consequently, this Necker cube observation similar to that of the Illusory-O can be explained by the fact that the opposite contrast polarity of the elements prevents amodal completion between the fragments to form an occluded disk. And, importantly, in support of our conclusion we want to point out that the preservation of the Necker cube illusion in all except figure 20e is due to a contrast-polarity effect rather than a luminance-difference effect. This is because similar to figure 7, one can still perceive the illusory Necker cube in figures 20d and 20f where the fragments have the same contrast polarity but different luminances.
In fact, a review of the early Gestalt literature has revealed that our observations appear to reflect much of their thinking. Core to their thinking was that amodal completion plays a role in illusory surface formation (eg Kanizsa 1979; Michotte et al 1967) . Figure 20 . The effect of contrast polarity on the formation of the illusory Necker cubes. The illusory Necker cubes can be seen in all three displays in the upper row. However, the illusory cube is barely seen in the middle display in the lower row where the fragments within each disk have opposite contrast polarity. Meanwhile the remaining left and right displays in the lower row can still produce the illusory Necker cube perception despite their fragments having different luminances (but similar contrast polarity). This demonstrates the effect of contrast polarity, not luminance per se, on the formation of illusory figures.
For example, Kanizsa (1955) argued that "The principal causal factor in the formation of anomalous surfaces is the tendency to amodal completion of lines or surfaces that are perceptually incomplete" (cf Kanizsa and Gerbino 1982) , and the driving force behind amodal completion is the inherent tendency towards a maximal regularity.
[However, later abandoned the hypothesis that a tendency towards maximal regularity is the causal factor for the genesis of illusory figures.] Indeed, there are a number of observations that have shown a close relationship between Gestalt grouping and surface completion phenomena (eg Gillam 1987; Kanizsa 1979; Sekuler and Palmer 1992; Sekuler et al 1994) . Nevertheless, it is not our intention in this paper to prove that the Gestalt grouping principles are the causal factors for surface completion. Rather, we prefer to assume that whether surface completion and real surface/object grouping phenomena are mediated by the same surface processing mechanism or not, they are guided by the same ecological principles. In this regard, it is more important to learn about how real-world constraints or regularities are adopted by the visual system and implemented by the brain's neural circuitry.
Possible neural mechanisms
In recent years, several models and theories have been proposed to explain the formation of illusory contours by the visual system (eg Grossberg and Mingolla 1985; Shapley and Gordon 1987; Williams and Hanson 1996) . A common characteristic of these models is that the local luminance contrast information of the inducing stimuli is extracted to produce the form and boundary contours, which are independent of contrast sign. And, from these form and boundary contour systems, the illusory figure is created. Consequently, such a contrast-sign-independent form and boundary-based models are able to explain the perception of most illusory figures with opposite contrast sign inducing stimuli, such as the ones illustrated in figure 2. However, these models cannot account for our current observations on the formation of the contrast-polarity-dependent Illusory-O. Perhaps, to comprehend our current findings, a special emphasis on the amodal completion process which is sensitive to contrast polarity, in addition to the modal completion process, should be addressed. In the remainder of this discussion, we will present a schematic model that illustrates a possible way the cortical neural circuitry might work to achieve the perception of contrast-sign-dependent illusory contours.
Recent physiological studies in the monkey have shown that cortical neurons in VI and V2 respond to real contours as well as to illusory contours (Grosof et al 1993; von der Heydt et al 1984; Peterhans and von der Heydt 1989) . Two prominent receptive field properties of some neurons at this level of cortical processing are their selectivity for the stimulus orientation, and their endstopped inhibition zones. We believe these properties are important building blocks for illusory-contour formation. In this regard, our conception of the role of these neurons resembles the model by Peterhans and von der Heydt (1989) , which also utilizes these neural properties. Figure 21a shows the local cortical circuitry of our model for the formation of the contrast-polarity-sensitive (requiring activation of both pairs of end-stopped neurons 1-2) and contrast-polarity-insensitive (requiring activation of end-stopped neurons 1-1, and 2-2), illusory contours.
The contrast-polarity-insensitive mechanism consists of juxtaposed paired mirrorsymmetric end-stopped complex cells with otherwise similar receptive field properties [two sets of paired cells (1-2) are shown in the model]. A further prerequisite of these cells (figure 21b) is that the two component units in each set of paired cells (1-2) must either both respond to bright bars alone (i), or dim bars alone (ii), or to edges with similar contrast polarity (iii and iv). When activated, these (1-2) paired end-stopped cells then feed to the secondary cells (two cells shown in the model) in a multiplicative Figure 21 . (a) A schematic illustration of the hypothetical 'double-duty' neural assembly responsible for the formation of contrast-sign-sensitive illusory contours (via linkage 1-2) and contrast-signinsensitive illusory contours (via linkages 1-1 and 2-2). For the contrast-sign-sensitive mechanism units T and '2' represent the required sets of paired 'end-stopped' complex cells. The symbols ' x' accompanying the secondary cells and '+' accompanying the tertiary cell symbolize multiplication and addition, respectively, and represent the manner in which signals from the lower-level cells are fed to higher-level cells. For the neural circuitry responsible for the formation of the contrast polarity insensitive illusory figure, the end-stopped cells (the same units '1' and '2', except that now the required linkage has changed to 1-1 and 2-2) provide their input to a secondary neuron where multiplication takes place. See text for details, (b) The requisite receptive field properties of the primary set of paired (1-2) 'end-stopped' complex cells. The component units '1' and '2' must both respond either to (i) bright bars alone, (ii) dim bars alone, or (hi) and (iv) similar contrast edges alone.
'and-gate' fashion. That is, the secondary cells will respond only when both component units from each set of paired (1-2) end-stopped cells are excited (such a multiplicative function is also implemented in Peterhans and von der Heydt's model). With our model, when two juxtaposed stimuli with opposite contrast polarity such as the inner and outer spokes of figures 4d and 4e are presented, only one component unit of the paired (1-2) end-stopped cells will discharge. Consequently, the 'and-gate' will not be activated and the secondary cell will remain silent and no illusory contour will be formed. But if the secondary neurons are excited owing to stimulation of the primary cells by stimuli such as those in figures 4a and 4c, they will send their signals to neurons at a tertiary stage to reinforce the formation of the entire illusory contour (only one neuron which responds in an additive fashion is shown in the model). Notably, the different sets of paired primary (1-2) cells do not need to have exactly the same receptive field properties. This specification is necessary for the neural ensemble to respond to stimuli like those in figure 4c where alternate pairs of inner and outer spokes have opposite contrast sign.
The contrast-polarity-insensitive cortical circuitry, similar to the model by Peterhans and von der Heydt (1989) , has a multiplicative 'and-gate' interaction between paired endstopped cells 1-1, and 2-2 (figure 21a). This arrangement is responsible for the formation of contrast-polarity-insensitive illusory contours, such as the illusory contours in figures 8 and 2b. [Note that the same overall neuronal assembly is used to form both contrastpolarity-sensitive and contrast-polarity-insensitive illusory contours, the only difference being that the required routes for interactions between the neurons (weight) have changed.] An important feature of this arrangement is that the end-stopped neurons (1-1 and 2-2) can have selectivity for opposite contrast polarity. To explain the induced perceptual difference between figures 8a and 8c and other similar observations (Coren 1972; Gillam 1987; Kanizsa 1979) , one can propose the existence at the next level (not shown), of a neuron pool that is capable of determining depth/border ownership and figure-ground segregation. Further, one constraint that might be imposed onto neurons at this level is that objects in the natural scene often possess a 3-D convex shape. Consequently, an image group with a positive curvature has a higher chance of being taken as a figure or object in front. Accordingly, the inner white circular region (disk) defined by the radial spokes in figure 8a is taken as the figure in front, leading it to be perceived as an illusory (occluding) disk. Meanwhile, in figure 8c , the outer terminals of the spokes are treated as the figure (having a positive curvature) against a surrounding white area, thus eliminating the illusory-contour perception along the outer terminals of the spokes.
No doubt, the schematic model just described is not the only possible one for illusorycontour formation. Other kinds of hypothetical neuronal assemblies can achieve this goal; the challenge is to reveal the one employed by our visual system.
